Background. Exposure of mesothelial cells to peritoneal dialysis fluids (PDF) results in cytoprotective cellular stress responses (CSR) that counteract PDF-induced damage. In this study, we tested the hypothesis that the CSR may be inadequate in relevant models of peritoneal dialysis (PD) due to insufficient levels of glutamine, resulting in increased vulnerability against PDF cytotoxicity. We particularly investigated the role of alanyl-glutamine (Ala-Gln) dipeptide on the cytoprotective PDF stress proteome. Methods. Adequacy of CSR was investigated in two human in vitro models (immortalized cell line MeT-5A and mesothelial cells derived from peritoneal effluent of uraemic patients) following exposure to heat-sterilized glucose-based PDF (PD4-Dianeal, Baxter) diluted with medium and, in a comparative proteomics approach, at different levels of glutamine ranging from depletion (0 mM) via physiological (0.7 mM) to pharmacological levels (8 mM administered as Ala-Gln). Results. Despite severe cellular injury, expression of cytoprotective proteins was dampened upon PDF exposure at physiological glutamine levels, indicating an inadequate CSR. Depletion of glutamine aggravated cell injury and further reduced the CSR, whereas addition of Ala-Gln at pharmacological level restored an adequate CSR, decreasing cellular damage in both PDF exposure systems. Ala-Gln specifically stimulated chaperoning activity, and cytoprotective processes were markedly enhanced in the PDF stress proteome. Conclusions. Taken together, this study demonstrates an inadequate CSR of mesothelial cells following PDF exposure associated with low and physiological levels of glutamine, indicating a new and potentially relevant pathomechanism. Supplementation of PDF with pharmacological doses of Ala-Gln restored the cytoprotective stress proteome, resulting in improved resistance of mesothelial cells to exposure to PDF. Future work will study the clinical relevance of CSRmediated cytoprotection.
Introduction
Peritoneal dialysis (PD) is a cost-effective and safe form of renal replacement therapy in end-stage renal disease. However, peritoneal dialysis fluids (PDF) are cytotoxic and a third of PD patients will suffer from technical failure [1, 2] . Current research aims to increase the biocompatibility of PDF and to thereby reduce mesothelial cell damage during PD. Although new and improved formulats have recently been shown to be less toxic in several in vitro and in vivo experimental and clinical studies, the main working principle of PDF requires the use of a hypertonic solution for solute and water removal [3] [4] [5] . PDF will therefore never represent a physiologically inert or completely biocompatible fluid and repeated filling and drainage of the abdominal cavity with PDF will always infer some cytotoxic insults.
Research from our and other laboratories have demonstrated a subtle balance between cytotoxic injury and counteracting cellular stress responses (CSR) in mesothelial cells exposed to PDF: acute exposure to cytotoxic properties of PDF resulted in induction of cytoprotective cellular responses in mesothelial cells during recovery, counteracting toxic injury [6] [7] [8] [9] [10] . Heat shock proteins (HSPs), as main effectors of this stress response, protected cellular survival and increased resistance against repeated injuries [10] [11] [12] . The HSP are among the most conserved protein families in living organisms. Functioning as molecular chaperones, they mainly bind to other proteins, assisting in correct folding or stabilization. HSP can constitute up to 5% of the cells total protein content [13] .
Recently, we studied mesothelial HSP expression in a more continuous PDF exposure system using diluted solutions, more closely reflecting intraperitoneal conditions during the PD dwell phase [14, 15] . In that setting, PDF exposure for up to 24 h unexpectedly resulted in downregulation of HSPs in cultured human omental, mesothelial cells from healthy donors [16] .
Comparable downregulation of HSP expression has been found in glutamine-starving cells under stressful conditions [17] [18] [19] . In these models, addition of glutamine (Gln) led to improved cytoprotection and preservation of cell homeostasis, associated with activation of the CSR and increased HSP expression [17] [18] [19] . Gln supplementation by the dipeptide alanyl-glutamine (Ala-Gln) is currently in wide clinical use in parenteral nutrition and was associated with improved clinical outcome in critically ill patients [17] [18] [19] . These reports led us to the hypothesis that exposure to PDF with zero or low Gln levels may dampen cytoprotective cellular responses, resulting in an inadequate CSR that increases the vulnerability of mesothelial cells against PDF cytotoxicity and other insults during PD, which might be rescued by Gln supplementation.
Therefore, in this study, we investigated the inadequate CSR in a human in vitro model of extended PDF exposure. Proteome analysis represents a particularly powerful tool to define cellular responses upon PDF exposure, reflected by differential protein abundances. We hypothesized that inadequate Gln levels disrupt the adequacy of the CSR in mesothelial cells. Using a proteomics approach, we compared exposure to PDF with or without pharmacological levels of Gln, supplemented as Ala-Gln, to investigate the effects of this cytoprotective agent on the stress protein expression fingerprint.
Materials and methods
Standard chemicals were purchased from Sigma-Aldrich (St Louis, MO) if not specified otherwise.
Peritoneal effluent-derived mesothelial cell cultures
From June 2009 to January 2010, mesothelial cell cultures were grown from randomly collected peritoneal effluents in five male PD patients [aged 4.1 (range 0.1-11.7 years)] undergoing PD for 2-371 days with commercial PD fluid. All patients were clinically stable and for >3 months free of peritonitis at the time of effluent collection. Peritoneal cells were concentrated by centrifugation of dialysis fluid effluent and then cultured in Earle's M199 medium supplemented to yield a final concentration of 10% fetal calf serum (FCS), 50 U/mL penicillin and 50 lg/mL streptomycin. Non-adherent cells were removed after 24 h by two brief washes with medium. When the primary mesothelial cultures reached confluence (after 3-27 days), they were split two times and their morphologic features were assessed microscopically. For each patient, a cobblestone-like epithelial culture was selected for the incubation experiments, showing stable morphology during two to three cell passages. Each experiment consisted of three independent observations in biological replicates on separate culture plates in each of the five patients (n ¼ 15 per condition).
Immortalized human mesothelial cells
MeT-5A and ATCC-CRL-9444 (LGC Standards GmbH, Wesel, Germany) were cultured according to ATCC recommendations in M199 medium (M0650; Sigma-Aldrich) supplemented to yield 50 U/mL penicillin, 50 lg/mL streptomycin as well as 5.958 g/L HEPES, 2.2 g/L NaHCO 3 , 0.1 g/L Gln and 10% FCS. For continuous growth, the cultures were kept at 37°C in 5% CO 2 in 75 cm 2 tissue culture flasks (TPP-Techno Plastics Products AG, Trasadigen, Switzerland). Cultures were passaged by trypsinization and passages 3-20 were used for experimental procedures. During experimental procedures, the cultures grew on 12-well plates (TPP), the medium was changed every 2-3 days, and confluence was reached between 5 and 7 days. Each experiment was repeated eight times (n ¼ 8).
Experimental PDF exposure setting
Mesothelial cells cultured in 12-well plates were incubated with one of the experimental solutions mentioned below for up to 24 h. FCS was added to all final mixtures to yield a final concentration of 10%. All test fluids were filtered with a 500 mL sterile filter unit (TPP). All cultures were kept at 37°C. M199 medium was prepared from dry powder (M3769; Sigma-Aldrich), sodium bicarbonate and HEPES as prescribed by the manufacturer.
For PDF incubation, the commercially available 3.86% glucose based PD4-Dianeal (Baxter AG, Vienna, Austria) was mixed either 1:1 or 2:1 with medium. In a series of pilot experiments, it was determined that dilution of medium components did not show effects on viability and HSP expression as long as the FCS level was maintained (data not shown).
To assess effects of Gln levels, Gln was either completely omitted (depletion) or the mixture contained a final concentration of 0.1 g/L Gln (¼0.7 mM) (physiological level) or was supplemented with the dipeptide Ala-Gln to a final concentration of 1738 g/L Ala-Gln (¼8 mM Gln) (pharmacological level).
Normal media without PDF but with a final concentration of 0.1 g/L Gln (¼0.7 mM) was set as the control. Control cultures underwent the same 'sham-procedures' of fluid changes. This internal control was included as a condition in each experiment.
At the end of each protocol, the supernatant was saved for viability assessments, the cultures were washed three times with washing buffer (250 mM sucrose, 10 mM Tris/HCl (Merck KGaA, Darmstadt, Germany) and cells were subsequently shock frosted in liquid nitrogen and stored at À80°C for a maximum of 3 days.
Viability of cells
Viability of cells was investigated by lactate dehydrogenase (LDH) release and a LIVE/DEADÒ viability/cytotoxicity kit (Invitrogen, Molecular Probes, Eugene, OR). For LDH analyses, 250 lL aliquots of supernatants were removed as described and kept on À20°C until analysation within 48 h. Measurements were performed in duplicates with Sigma TOX-7 LDH Kit according to the manufacturer instructions. LDH efflux following exposure to normal media without PDF but with 0.7 mM Gln was set as the control, assigned 100% and data from other conditions with PDF with and without Gln were compared relative to this value.
For the LIVE/DEADÒ viability/cytotoxicity kit, intracellular esterase activity (only live cells are stained) and plasma membrane integrity (only dead cells are stained) were simultaneously stained with 250 lL of 4 lM calcein AM and 2 lM ethidium homodimer (EthD-1) in PBS per well of a standard 12-well plate. The plates were then analysed using an LSM-780 laser scanning microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany) with the according settings for excitation (Ex) and emission (Em) wavelenghts of calcein AM (Ex/Em 494/517 nm) and EthD-1 (Ex/Em 528/617 nm).
Protein sample preparation
The cells were lysed by incubation with 1 mL lysis buffer [30 mM Tris, pH 8.5, 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 1 mM ethylenediaminetetraacetic acid (EDTA), one tablet of Complete Protease Inhibitor (Roche, Basel; Switzerland) per 100 mL and 10 lL/mL of each phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich)] per 3 3 10 7 cells for 10 min at 25°C. The resulting lysates were centrifuged for 30 min (14 000 g, 4°C) and stored at À80°C until further processing. Total protein concentration was determined by the 2D-Quant kit (GE Healthcare, Uppsala, Sweden) according to the manufacturer's manual.
Two-dimensional gel electrophoresis
Isoelectric focusing was conducted on a ProteanÒ IEF Cell (Bio-Rad, Hercules, CA) with 200 lg of total protein per immobilized pH gradient (IPG) strip [ReadyStrip IPG Strips 24 cm pH 3-10 non-linear (Bio-Rad)]. The rehydration mix containing the sample was brought to a final volume of 450 lL and a final concentration of 5 M urea, 0.5% w/vol CHAPS, 0.5% vol/vol Pharmalyte (GE Healthcare) and 12 lL/mL of DeStreak reagent (GE Healthcare). The strips were actively rehydrated at 50 V for 12 h and afterward focused by increasing the voltage step by step up to 8000 V. The procedure was carried out under mineral oil at 20°C using a current limit of 30 lA/strip. Focused strips were stored at À80°C. For the second dimension, the strips were consecutively incubated for 2 3 15 min in 10 mL equilibration buffer (6 M urea, 2% w/vol sodium dodecyl sulphate (SDS), 25% w/vol glycerol, 3.3% vol/vol 50 mM Tris/HCl buffer pH 8.8, stained with bromphenolblue) first supplemented with 100 mg of dithiothreitol and then with 480 mg of 2-iodoacetamide. The following SDS-polyacrylamide gel electrophoresis (PAGE) was accomplished using lab-cast gels (12% vol/vol acrylamide, 0.375 M Tris/HCl pH 8.8) and a Dodeca Plucs cell (Bio-rad) at 20°C with a current of 60 mA in the first phase of 100 Vh and then 200 mA in the second phase until the tracking dye reached the end of the gel.
Visualization of proteins
Gels were stained using ruthenium II tris (bathophenanthroline disulfonate) (RuBPS) fluorescent dye (synthesized according to Rabilloud et al. [20] ) following an optimized protocol by Lamanda et al. [21] . In brief, gels were fixed over night on a rotary shaker in an aqueous solution of 10% vol/vol acetic acid and 30% vol/vol ethanol. After washing four times for 30 min with 20% vol/vol ethanol, the gels were incubated for 6 h in RuBPS staining solution (50 lL/L stock solution in H 2 O UHQ ) followed by two 10 min washing steps in H 2 O UHQ and over night destaining in 10% vol/vol acetic acid and 40% vol/vol ethanol.
Image acquisition and data analysis
Gel images were aquired using a Typhoon Trio laser scanner (GE Healthcare) at an excitation wavelength of 488 nm and an emission wavelength of 610 nm. The images were analyzed using the Delta2D 3.6 software (Decodon GmbH, Greifswald, Germany) with group-wise image alignment and spot detection on the resulting fused image. Protein identifications of the PDF stress proteome from our recent work [22] accomplished by mass spectrometry were reassigned from the original images to the master image of the current study (see Supplemental Table S1 ). Normalized relative spot volumes (% volume) of these 60 marker proteins of the PDF stress proteome were quantified in the current extended exposure model with and without Ala-Gln. As the coefficient of variation (CV) was 9% for significantly altered spots (median overall CV 15%), protein spots which showed a ratio in abundance increase >1.2 or a decrease <0.8 compared control were considered as being differentially abundant. Categorization of the proteins of interest in terms of biological processes was derived from the PANTHER classification system (www.pantherdb.org). The level of activated biological processes was quantified by comparison of the number of observed differentially abundant proteins to the expected number taking the total number of proteins assigned to each specific pathway as background (www.pantherdb.org). The expected number (set to 1.0 for calculation of the ratio) represents the biological 'normal' state. Enrichment of proteins in a given process (yielding a ratio of >1.0) is interpreted as activation, whereas depletion of proteins (yielding a ratio of <1.0) is interpreted as deactivation of this process. Significance values of increases or decreases in the number of proteins in enriched or depleted biological processes upon treatment were calculated using Fisher's exact test or Chi-square test, where appropriate. P-values 0.05 were considered as significant.
Western blotting
Equal amounts of protein lysates were separated by SDS-PAGE, on a Bio-Rad Criterion cell using Criterion precast 12.5% Tris-HCl gels of 1 mm thickness (Bio-Rad). Proteins were electroblotted onto polyvinylidene fluoride (PVDF) membranes immediately after the run by tank blotting using a Criterion blotting cell (Bio-Rad) and the respective transfer buffer (200 mM glycine, 25 mM Tris-base, 0.1% SDS, 20% methanol). The membranes were blocked with 5% dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) and then incubated with the primary murine antibody against Hsp72 (SPA-810, Stressgen/Assay Designs, Ann Arbor, MI), Hsp27 (SPA-801, Stressgen/Assay Designs) or beta-Tubulin (#691261; MP Biochemicals, Solon, OH) for 16 h. After incubation with secondary, peroxidase-coupled antibodies (Polyclonal Rabbit Anti-Mouse Ig/HRP P0260; Dako Cytomation, Carpinteria, CA) detection was accomplished by using enhanced chemiluminescence solution (Western Lightning reagent; Perkin Elmer, Boston, MA) and a ChemiDoc XRS chemiluminescence detection system (Bio-Rad). Densitometric quantification of 1D bands was accomplished using the Bio-Rad QuantityOne software, yielding background-subtracted values of optical density that were in the linear range for the observed expression levels. Normal media without PDF but with 0.7 mM Gln was set as the control, assigned 100% and data from other conditions with PDF with and without Gln were compared relative to this value. Values from different groups were compared using t-tests or ANOVA where appropriate using SPSS 17.0. In the case of ANOVA, Tukey's test was used as post-hoc test. P-values 0.05 were considered as significant.
Results
As shown in Figure 1 , PDF exposure of mesothelial cells resulted in low cytoprotective responses, as reflected by HSP expression, despite marked cellular injury, as reflected by LDH release. Exposure of human cultured mesothelial cells (MeT-5A) to heat-sterilized glucose based PDF (mixed 1:1 with medium) at physiological Gln levels (0.7 mM) resulted in LDH release of 387 AE 93% relative to control (P < 0.05 versus control). Despite this severe cellular injury, counteracting Hsp72 expression was decreased to 92.6 AE 6.9% (P < 0.05 versus control) and Hsp27 expression was decreased to 91.4 AE 6.9% (P ¼ not significant (n.s.) versus control).
To investigate the influence of varying Gln levels on cell survival and the CSR, mesothelial cells were additionally exposed in vitro to 1:1 PDF:medium mixture under complete Gln depletion or with addition of Ala-Gln dipeptide (final Gln concentration 8 mM). As shown in Figure 1 , depletion of Gln resulted in increased mesothelial cell vulnerability and further decreased HSP expression, whereas addition of Ala-Gln at pharmacological levels resulted in normalized cellular survival and increased HSP expression: Following Gln depletion, LDH release increased to 601 AE 55% (P < 0.05 versus control), associated with depressed Hsp72 and Hsp27 levels of 89.6 AE 10.7% and 75.9 AE 15.8%, respectively (both: P < 0.05 versus control). In contrast, pharmacological Gln supplementation (8 mM Gln administered as Ala-Gln) decreased LDH release to 94 AE 74% (n.s. versus control), associated with increased Hsp72 and Hsp27 levels of 111.7 AE 13.0% and 180 AE 43.9%, respectively (both: P < 0.05 versus control).
Using two-dimensional gel electrophoresis (2DGE), the proteome of mesothelial cells (MeT-5A) was assessed. The reason for using this mesothelial cell line for proteomictype experiments is the excellent reproducibility and comparability to previously published 2DGE results. Sixty marker proteins recently identified as PDF stress proteome (see Supplemental Table S1 ) were analysed for changes in abundance following exposure to 1:1 PDF:medium mixture at 'physiological' Gln levels. As given in Table 1 , only 10 of the 60 marker proteins were changed in abundance. Gene ontology information from the PANTHER database was exploited to categorize the proteins according to the biological processes they are involved in. In Figure 2A , the level of activated biological processes was quantified by comparison of the number of observed differentially abundant proteins to the number expected for this size of dataset 'Protein folding' was the only enriched (activated) process. All other processes were either maintained at control levels or even depleted (<50% of the expected proteins were found, yielding a ratio of <0.5). Figure 2B shows that only 1 of 10 marker proteins assigned to the biological process 'stress response' showed differential abundance versus control.
Upon addition of Ala-Gln (8 mM) to PDF, the number of differentially expressed proteins in the PDF stress proteome increased from 10 to 21 of the 60 marker proteins (17-35%; Chi-square test P-value ¼ 0.022) (see Table 1 ). As shown in Figure 3A , addition of Ala-Gln did not result in a general, non-specific enrichment of biological processes, but in specifically enhanced chaperoning activity. The processes stress response, 'protein complex assembly' and protein folding were markedly enriched (activated), indicated by the increased number of differentially regulated proteins assigned to these processes (see also Table 1 ). 'Carbohydrate metabolism' was maintained at control levels, 'cell structure' appeared activated, 'immunity and defense', 'cell structure and motility' and 'protein metabolism and modification' returned to the biological normal state. Only 'signal transduction', 'cell cycle' and 'protein modification' remained depleted, likely reflecting the general effects of PDF stress. Under these conditions, 7 of the 10 marker proteins assigned to the biological process stress response showed differential abundance ( Figure 3B ).
Finally, we validated these cytoprotective effects of Gln supplementation during in vitro PDF exposure in the biologically relevant ex vivo system of human peritoneal mesothelial cells derived from the dialyzed peritoneal cavity of PD patients. As shown in Figure 4 , at 'physiological Gln levels', LDH release relative to control increased to 726 AE 155% upon exposure to 1:1 PDF:medium mixture and to 1286 AE 236% upon exposure to 2:1 PDF:medium mixture (for both changes: P < 0.05 versus control). Despite this severe cellular injury, counteracting Hsp72 expression was decreased to 67.1 AE 9.2% and 54.1 AE 8.4%, (both: P < 0.05 versus control) and Hsp27 expression was decreased to 78.9 AE 8.0% and 58.3 AE 7.1%, respectively (both: P < 0.05 versus control).
The addition of 'pharmacological levels' of Ala-Gln to PDF decreased cellular damage and enhanced HSP expression in peritoneal effluent-derived primary mesothelial cells. As shown in Figure 4 , LDH release was attenuated to 601 AE 130% during exposure to 1:1 PDF:medium mixture (P < 0.05 versus control, n.s. versus PDF exposure at 'physiological' Gln levels), and to 879 AE 144% during exposure to 2:1 PDF:medium mixture (P <0.05 versus control, P < 0.05 versus PDF exposure at physiological Gln levels). This reduced cellular damage was associated with Hsp72 expression levels of 83.0 AE 8.3% following exposure to 1:1 PDF:medium mixture (P <0.05 versus control, P < 0.05 versus PDF exposure at physiological Gln levels) and of 56.7 AE 11.8 following exposure to 2:1 PDF:medium mixture (P < 0.05 versus control, n.s. versus PDF exposure at physiological Gln levels). Hsp27 expression levels improved to 98.4 AE 13.6 following exposure to 1:1 PDF:medium mixture (n.s. versus control, P < 0.05 versus PDF exposure at physiological Gln levels) and to 76.1 AE 11.6 following exposure to 2:1 PDF:medium mixture (P < 0.05 versus control, P < 0.05 versus PDF exposure at physiological Gln levels). Individual data for each of the five patients is given in Supplemental  Figures 1 and 2 . Figure 5 compares the effects of Ala-Gln supplementation during PDF exposure between the mesothelial cell line (MeT-5a) and the primary mesothelial cells grown from PD effluates: as shown in the western blot analysis, exposure to PDF mixed 1:1 with medium at physiological levels of Gln resulted in reduced HSP expression in both cell types that was restored by supplementation of PDF with pharmacological levels of Ala-Gln. Comparing the data shown in Figure 1 to those shown in Figure 4 , Hsp72 expression levels increased by 20.6 AE 9.5% in MeT-5A versus 23.7 AE 2.8% in primary cells and Hsp27 expression levels increased by 97.0 AE 31.6% in MeT-5A versus 24.6 AE 3.0 in primary cells upon pharmacological Gln supplementation (8 mM Gln administered as Ala-Gln). As shown in the live/ dead analysis, exposure to PDF mixed 1:1 with medium at physiological levels of Gln resulted in reduced cellular viability in both cell types that was improved by supplementation Extended exposure to PDF at physiological (0.7 mM) glutamine levels (-Ala-Gln) or with addition of Ala-Gln (8 mM) (1Ala-Gln). b Assigned biological processes (marked by x) and the expected number of differentially abundant proteins for that size of dataset was obtained from the PANTHER database.
of PDF with pharmacological levels of Ala-Gln. Comparing the LDH data shown in Figure 1 to those shown in Figure 4 , PDF-induced LDH release decreased by 75.6 AE 12.5% in the MeT-5a cell line versus 16.4 AE 18.1% in primary cells upon pharmacological Gln supplementation. Addition of Ala-Gln resulted in significantly improved adequacy of the CSR and cytoprotection against PDF exposure in both cell types.
Discussion
CSR is a highly conserved adaptive response to diverse environmental and physiological stressors, classically such as temperature, chemical toxicants, energy depletion and mechanical stress [23] . The CSR results in the immediate induction of effector proteins such as HSPs to prevent the improper folding of newly translated proteins, and, in response to stress, to protect critical stabilization of proteins [23] . HSPs and other molecular chaperones, the major subgroup of effector proteins involved in cytoprotection, represent a large family of soluble proteins that can constitute up to 5% of total cellular proteins [24] . Due to their position as barrier between cytotoxic PDF and the peritoneal wall, mesothelial cells are exposed to repeated metabolic, osmotic and biomechanical insults during PD that can result in severe functional and/or structural injuries [1, 2, 25] . In earlier studies, we have demonstrated that the cytotoxic properties of PDF not only result in disruption of cell homeostasis but also induce the CSR: the expression of Hsp27 and Hsp72, the best described HSPs in humans, were upregulated in mesothelial cells following recovery from acute short-term exposure to stressors such Fig. 2 . Effects of PDF exposure at physiological glutamine levels on the stress proteome of mesothelial cells. Panel A represents the extent of enrichment of biological processes with differentially abundant proteins in mesothelial cells exposed to a 1:1 dilution of medium with PDF. Analysis of the mesothelial stress proteome reveals a reduced activation of biological processes. In Panel B, the bars represent the expression profile of 10 proteins and their isoforms assigned to the process 'stress response' following exposure to 1:1 diluted PDF compared to exposure to control medium at physiological levels of Gln (0.7 mM). Only 1 of 10 marker proteins involved in this biological process was enhanced in abundance as indicated by the hash mark (#). The dashed line represents the control level. The data are representative for eight experiments using MeT-5A cells (n ¼ 8). Fig. 3 . Effects of the addition of Ala-Gln at pharmacological doses on the stress proteome of mesothelial cells in the PDF exposure model. Panel A shows the extent of enrichment of biological processes with differentially abundant proteins in mesothelial cells exposed to a 1:1 dilution of PDF with medium. The addition of Ala-Gln specifically improved chaperoning activity, as reflected by selected enrichment of those biological processes that are involved in cytoprotection. In Panel B, the bars represent the expression profile of 10 proteins and their isoforms assigned to stress response following exposure to 1:1 diluted PDF with supraphysiological levels of Ala-Gln (hatched bar) compared to exposure to control medium at physiological levels of Gln (0.7 mM). Seven of 10 marker proteins involved in this biological process were found as enhanced in abundance as indicated by the hash mark (#). The dashed line represents the control level. The data are representative for eight experiments using MeT-5A cells (n ¼ 8).
as acidosis, high lactate and high glucose concentration [6] [7] [8] [9] [10] . However, more recently, we found markedly depressed HSP expression in omental derived primary mesothelial cells from healthy donors following more extended in vitro exposure to heat-sterilized glucose based PDF [16] .
In the present study, we could confirm the dampening of the CSR following more extended exposure to PDF. Albeit, this model represents a highly artificial system, it likely reflects intraperitoneal conditions quite closely to those prevalent during an intraperitoneal PD dwell: a monolayer of mesothelial cells is incubated for several hours in a mixture of PDF and peritoneal fluid, thus exposed to a combination of hyperosmolarity and diluted cytotoxic properties of PDF but also to diluted constituents of normal peritoneal fluid. This model should therefore allow relevant insights in the balance of mesothelial cell injury and repair processes [14, 15, 26] . Our findings showed that PDF fails to adequately induce HSP expression despite severe cellular injury, resulting in even stronger decrease of HSP abundance with higher concentration of PDF. Some previously reported evidence for suppressed HSP expression in vivo also supports the validity of these results: mesothelial cells lining the peritoneal surface in rats expressed only low levels of Hsp72 following in vivo exposure to PDF in contrast to strong upregulation in these cells following heat treatment [12] . These findings also corroborate the low mesothelial expression of Hsp72 in peritoneal biopsies from PD patients [27] . Taken together, these data extend the toxic effects of PDF to suppression of mesothelial HSP expression resulting in increased susceptibility of mesothelial cells against PDF exposure.
The CSR involves numerous processes, of which the expression of HSP represents only one vital strategy of the cellular machinery counteracting PDF toxicity. Although Hsp27 and Hsp72 are well-established marker proteins of the CSR, the more global set of cytoprotective cellular processes beyond the chaperone machinery is better reflected at the proteome level. Using an unsupervised combined proteomics and bioinformatics approach, we have recently defined the protein expression profile of mesothelial cells upon acute PDF exposure, the PDF stress proteome [22] . The employed method quantifies the involvement of biological processes by comparing the regulation of marker proteins: Enrichment of differentially abundant proteins is assumed to indicate activation, whereas depletion below the expected number shows deactivation of the respective process. Comparing the protein expression profile in the present extended exposure system to the PDF stress proteome, our study found a broad deactivation of biological processes beyond protein-reparative mechanisms. This was indicated by the almost complete disappearance of differentially abundant proteins in our dataset, affecting cellular processes such as signalling, cell structure organization, cell cycle and inflammation. At the level of the process stress response, only 1 of 10 marker proteins was found increased in abundance in this study, also reflecting the significant dampening of the CSR.
In the second part of this study, we tested the hypothesis that insufficient availability of Gln is responsible-at least in part-for the inadequate CSR observed in mesothelial cells exposed to PDF. We decided to focus on the effector level of cytoprotective cellular responses inherent to PDF exposure and to search for clinically feasible interventions overcoming the inadequate CSR in PD. Gln, a conditionally essential amino acid, is a particularly attractive candidate for such a cytoprotective agent and has been previously shown to affect the adequacy of the CSR [17] [18] [19] . Under conditions with low plasma levels, such as during critical illness and sepsis, Gln-starving cells were unable to express sufficient amounts of Hsp72, and the half-life of Hsp72 messenger RNA was reported to be reduced [18, 28] . In contrast, pharmacological levels of Gln have been reported to enhance the CSR to increase HSP expression and to improve outcome in experimental as well as clinical settings [17, 19, 29, 30] . However, Gln as free amino acid has poor solubility and is rapidly degraded in solution, prohibiting its use in PD. Therefore, clinical administration is performed via its stable precursor dipeptide Ala-Gln, which is easy to produce, non-toxic and rapidly hydrolyzed in the cell [31] . This dipeptide has been shown to be advantageous compared to other Gln-releasing dipeptides regarding its uptake and intracellular Gln availability [32, 33] .
In our study, Gln depletion also aggravated HSP depression in mesothelial cells and resulted in increased vulnerability against PDF exposure. In contrast, addition of Gln at a pharmacological level via the dipeptide Ala-Gln enhanced mesothelial HSP expression and improved cellular survival, confirming our previous findings in the acute PDF exposure system [34] . Interestingly, supraphysiological doses of Gln conferred stronger cytoprotection in our extended PDF exposure model than simple supplementation of physiological levels. These findings are in agreement with the hypothesis of increased needs of Gln under stressful conditions, likely resulting in relative Gln deficiency at the cellular levels [18, 28] . Comparable rates of transperitoneal transport have been reported for Gln and creatinine due to similar molecular weights and charge states [35] . Peritoneal levels of Gln can therefore be expected to be lower than the corresponding plasma levels likely resulting in actual Gln starvation of peritoneal cells in the clinical setting of PD. Fig. 5 . Comparison of cytoprotective effects of Ala-Gln at pharmacological doses between the MeT-5A mesothelial cell line and peritoneal effluentderived primary mesothelial cell cultures in the PDF exposure model. As shown in the western blot analysis in Panel A, exposure to PDF mixed 1:1 with medium at physiological levels of Gln (0.7 mM) resulted in reduced HSP expression in both cell types that was restored by supplementation of PDF with pharmacological levels of Ala-Gln (8 mM). As shown in the live/dead analysis in Panel B, exposure to PDF mixed 1:1 with medium at physiological levels of Gln (0.7 mM) resulted in reduced cellular viability in both cell types that was improved by supplementation of PDF with pharmacological levels of Ala-Gln (8 mM). The data for western blot analysis are representative for eight experiments with MeT-5A cells (n ¼ 8) and experiments in triplicates in independent cultures from five donors (n ¼ 15) in primary cells. The data for live/dead analysis are representative for four experiments (n ¼ 4) for each cell type.
